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Gabriela B. González Avilés, PhD; Faculty Advisor
Department of Physics

ABSTRACT Just like how rings correspond to the growth record of trees, some mineralized tissues of
mammals contain temporal sequences of tissue development (Klevezal, 1996). Shark vertebrae consist
of cartilage mineralized with hydroxyapatite (HA). A recent study of vertebrae of seven shark species
found that this tissue material stiffness and strength are similar to those of mammalian trabecular bone
(Porter, 2006). The periodic array of atoms in the HA nanocrystals in shark vertebrae produce peaks of
diffracted intensity. The present project studied thousands of x-ray diffraction patterns of shark vertebrae
collected at the Advanced Photon Source at Argonne National Laboratory. The only crystalline phase
found was HA, and HA lattice parameters varied periodically in a spatial pattern consistent with growth
bands observed optically.
INTRODUCTION
Shark skeletons consist of cartilage, and the
cartilage of shark vertebrae is reinforced by a
bioapatite material related to hydroxyapatite and
very similar to that in bone (Urist, 1961).
Hydroxyapatite (HA) has a hexagonal structure
with lattice parameters a and c, which correspond
to the lengths of the smallest unit cell containing
calcium, phosphorus, oxygen, and hydrogen
atoms, as shown in Figure 1. For HA, the lengths
of a and b are the same, and larger than the
parameter c. The centra (centrum is part of the
vertebra) of shark vertebrae are mineralized with
HA.

Measurements of the number of growth bands
within the mineralized tissue in thick sections of
shark centra are the main method of age
determination. Not all sharks have mineralized
vertebrae, but blue sharks do. MicroComputed
Tomography (microCT) scanners capture a series
of 2D images and reconstruct the data into 2D
cross-sectional slices (Boerckel et al, 2014).
MicroCT has shown that growth bands are very
complicated within mineralized tissue (Morse et
al., 2022). Synchrotron x-ray diffraction of this
tissue explores the complexities of these bands to
further determine whether HA lattice parameters
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vary across the growth bands. This study provides
further investigation into these growth bands.
Since the lattice parameter varies, then the HA
composition changes with time and this may
allow us to infer changes in physiological
processes affecting tissue mineralization.

Figure 1. Top view of the hydroxyapatite structure,
which belongs to the hexagonal crystal system. The c
axis is perpendicular to the a and b plane and is coming
out of the page. The blue, red, and green spheres
correspond to calcium, oxygen, and phosphorus
atoms, respectively. This figure was created using the
FullProf Suite (Rodríguez-Carvajal, 2021).

METHODS
Sample preparation
The sample came from a blue shark centrum. The
section was cut about 150 µm thick and in the
transverse plane of the centrum.
Experimental setup and data collection
Synchrotron x-ray diffraction patterns were
collected on the section of the shark vertebrae at
beamline 34-ID-E of the Advanced Photon
Source (APS) at Argonne National Laboratory.
The experimental set-up is described elsewhere
(Free et al., 2020). The beamline optics produced
a 0.4 µm diameter beam of 17 keV x-ray photons.
An area detector normal to the direct beam
recorded the diffraction patterns from the
specimen and from the reference material CeO2
mounted next to and coplanar to the vertebrae
sample. The reference material was used to
calibrate the detector and its distance to the
sample.
Seventeen-line scans spaced 100
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micrometers were measured to investigate the
spatial distribution of hydroxyapatite lattice
parameters in a thin section of a shark vertebrae.
Each line scan had 131 points spaced 50 µm
apart.
Analysis
Each raw 2D pattern was stored as a 2048 × 2048
16-bit TIFF. The General Structure Analysis
System II (GSAS II) package (Toby and Von
Dreele, 2013) was used to calibrate, integrate, and
analyze the diffraction patterns using the Rietveld
method. Rietveld refinement is typically used to
analyze powder diffraction data. The method uses
a least-squares fit between observed and
calculated scattered intensities. It uses peak
shape, width, and atomic structural information to
calculate intensities which are then compared to
observed intensities (Adekoya, 2020). GSAS-II
optimizes the model function to minimize the
weighted sum of squared differences between the
observed and computed intensities (Toby and
Von Dreele, 2013).
Bragg’s Law can be used to find the d-spacing,
which corresponds to the distance between
adjacent atomic planes in a crystal:
𝑛𝑛𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(1)

Equation 1 is used to determine the d-spacing
from a measured scattering angle θ at a specific λ,
the wavelength of the incident x-ray beam. In the
present experiment, n is equal to 1, λ is 0.73 Å,
and 2θ ranges from 7° to 27°, as seen in Figure 2.
The lattice parameters a and c are obtained from
all the measured d-spacings and their
corresponding Miller indices (hkl). The Miller
indices indicate the orientation of atomic planes
in the crystal in three dimensions in terms of a
and c units. The symmetry of the crystal
determines which d-spacing values can be
measured in a diffraction pattern. For hexagonal
systems, Equation 2 is used to calculate the a and
c parameters from the measured d-spacing values
and the expected (hkl) Miller indices.
1
𝑑𝑑 2

=

ℎ 2 +𝑘𝑘 2
𝑎𝑎 2

+

𝑙𝑙 2
𝑐𝑐 2

(2)

2

Griggs: X-Ray Diffraction and Structural Analysis of Shark Vertebrae

GSAS II implements Equation 2 by using peak
positions to determine the lattice parameters.
There are many d-spacings measured in a
diffraction image, and each diffraction peak
corresponds to a unique d-spacing. As shown in
Figure 2, each 2θ value corresponds to a specific
d-spacing value that can be calculated using
Bragg’s Law. For the present experiment, a total
of 57 diffraction peaks with their unique (hkl)
planes and corresponding d-spacings were
measured. The vertical lines below the axis
indicate the position of a diffraction peak, and its
d-spacing can be calculated using Bragg’s Law.

Figure 2. An x-ray diffraction pattern is obtained after
radial integration. The data are fitted with the Rietveld
method using GSAS II. The blue crosses correspond
to the observed intensity, and the green line to the
calculated intensity. The red line shows the fitted
background. The differences between the observed
and calculated intensities are shown at the bottom in
turquoise (a perfect agreement would be a horizontal
line). The dark blue vertical lines at the bottom denote
the positions where a HA diffraction peak occurs.

Using a least-squares refinement, lattice
parameter values as well as other crystallographic
parameters can be determined. For each
diffraction pattern, a histogram scale factor,
hexagonal lattice parameters, atomic positions,
and a 6th order Chebyschev polynomial to fit the
background were refined. Uniaxial size
broadening was modeled using axial and
equatorial components, which were refined for
each pattern. Isotropic microstrain and preferred
orientation were refined for each pattern. More
details on these parameters are found in these
references (Stephens, 1999, and Toby & Von
Dreele, 2013). The uniaxial size and the
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preferred orientation parameters are needed
because the grains are not isotropic (spherical)
but have an elongated shape. This anisotropy
causes the diffraction peaks to have different
widths and intensities. The authors note that size
and microstrain broadening parameters were used
only as fitting parameters because the goal was
determining lattice parameters.

RESULTS
Figure 3 shows a typical 2D diffraction image,
generated through GSAS II (Toby and Von
Dreele, 2013). A pattern such as this one was then
integrated radially in GSAS II, where the data
were fitted using the Rietveld Analysis. This can
be seen in Figure 2. A total of 2217 patterns were
collected and analyzed.

Figure 3. Typical 2D diffraction image. This image is
for pattern number 700. The data between the outer
green and the inner orange circles were radially
integrated to obtain Figure 2. Darker colors represent
higher intensity, which when radially integrated means
that the peaks are stronger in intensity.

Line scans were grouped in sets of four to
enhance clarity in the change in lattice
parameters. The 17th line scan was left out
because it was at the edge of the sample, resulting
in the peaks being weak or nonexistent. Figure 4
maps the value of the lattice parameter c over
four-line scans, including lines 5, 6, 7, and 8.
Noticeable patterns arise at certain maxima
values. Lattice parameter c had maxima at
approximately 1500 μm, 3300 μm, and 4800 μm.
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MatLAB (The MathWorks Inc., 2018) was used
to plot the lattice parameters with respect to
distance from the refined data in GSAS II. For
both lattice parameters, the variation of values
between adjacent maxima and minima ranged
from 1.0 × 10−2 Å to 1.5 × 10−2 Å.

maximas are less noticeable. Lattice parameter c
in Figures 6, 7, and 8 has maxima around
1500 μm, 3300 μm, and 4800 μm with varying
amplitude. Lattice parameter a in Figures 9, 10,
and 11 has maxima around 1500 μm and
4800 μm with varying amplitude as well.

Figure 4: The lattice parameter ‘c’ has three maxima,
at positions approximately 1500 μm, 3300 μm, and
4800 μm from the start of line scans 5-8.

Figure 6. The lattice parameter ‘c’ has three maxima,
at approximately 1500 μm, 3300 μm, and 4800 μm
over line scans 1-4.

Figure 5 maps the value of lattice parameter a
over four-line scans, including lines 5, 6, 7, and
8. Noticeable patterns arise at certain maxima
values. Lattice parameter a had maxima
approximately at 1500 μm and 4800 μm.

Figure 7. The lattice parameter ‘c’ has two noticeable
maxima, at approximately 1500 μm and 4800 μm over
line scans 9-12.

Figure 5. The lattice parameter ‘a’ has two maxima,
at approximately 1500 μm and 4800 μm over line
scans 5-8.

Seventeen-line scans were taken in total. Figures
6 through 11 map the values of lattice parameters
c and a over the other line scans, presented with
4-line scans in each figure. In these line scans, the
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Figure 8. The lattice parameter ‘c’ has two noticeable
maxima, at approximately 1500 μm and 4800 μm over
line scans 13-16.

Figure 11. The lattice parameter ‘a’ has two maxima,
at approximately 1500 μm and 4800 μm over line
scans 13-16.

DISCUSSION

Figure 9. The lattice parameter ‘a’ has two maxima,
at approximately 1500 μm and 4800 μm over line
scans 1-4.

Figure 10. The lattice parameter ‘a’ has two maxima,
at approximately 1500 μm and 4800 μm over line
scans 9-12.
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Rietveld analysis of the x-ray diffraction data
allowed the determination of the HA lattice
parameters in shark vertebrae. Correlations
between the lattice parameters and distance were
observed. In both lattice parameters a and c, there
are maxima at 1500 μm and 4800 μm. Lattice
parameter c additionally has a maximum at 3300
μm, which does not occur for a. For both lattice
parameters, the variation of values between
adjacent maxima and minima ranged from 1.0 x
10−2 Å to 1.5 x 10−2 Å. The fitting of individual
patterns and the resulting lattice parameters are
precise to better than 5 × 10-4 Å, so the amplitude
of the lattice parameter variation measured
represents real differences. As discussed by Ryan
et al. (Ryan et al., 2020), this variation probably
represents variation in carbonate content with
position.
Within any one scan, there is considerable
variation point by point, and it is likely that this
results from real biological variability. Periodic
changes in lattice parameters can represent
growth bands. The number and spacing of these
bands match those seen in lab microCT of an
adjacent centra of the same blue shark (Morse et
al., 2022), and there was considerable band
substructure present which may be the source of
the line-by-line variation in peaks and valleys in
values of lattice parameters. Our collaborators
plan to perform other mapping experiments to
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clarify the origin of the lattice parameter
variation.
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